. SGLT inhibitors attenuate NO-dependent vascular relaxation in the pulmonary artery but not in the coronary artery. Am J Physiol Lung Cell Mol Physiol 309: L1027-L1036, 2015. First published September 11, 2015 doi:10.1152/ajplung.00167.2015.-Inhibitors of sodium-glucose cotransporter (SGLT)2 are a new class of oral drugs for type 2 diabetic patients that reduce plasma glucose levels by inhibiting renal glucose reabsorption. There is increasing evidence showing the beneficial effect of SGLT2 inhibitors on glucose control; however, less information is available regarding the impact of SGLT2 inhibitors on cardiovascular outcomes. The present study was designed to determine whether SGLT inhibitors regulate vascular relaxation in mouse pulmonary and coronary arteries. Phlorizin (a nonspecific SGLT inhibitor) and canagliflozin (a SGLT2-specific inhibitor) relaxed pulmonary arteries in a dose-dependent manner, but they had little or no effect on coronary arteries. Pretreatment with phlorizin or canagliflozin significantly inhibited sodium nitroprusside (SNP; a nitric oxide donor)-induced vascular relaxation in pulmonary arteries but not in coronary arteries. Phlorizin had no effect on cGMP-dependent relaxation in pulmonary arteries. SNP induced membrane hyperpolarization in human pulmonary artery smooth muscle cells, and pretreatment of cells with phlorizin and canagliflozin attenuated SNP-induced membrane hyperpolarization by decreasing K ϩ activities induced by SNP. Contrary to the result observed in ex vivo experiments with SGLT inhibitors, SNP-dependent relaxation in pulmonary arteries was not altered by chronic administration of canagliflozin. On the other hand, canagliflozin administration significantly enhanced SNP-dependent relaxation in coronary arteries in diabetic mice. These data suggest that SGLT inhibitors differentially regulate vascular relaxation depending on the type of arteries, duration of the treatment, and health condition, such as diabetes. diabetic vascular complications; membrane potential; vasodilatation; sodium-glucose cotransporters; nitric oxide SODIUM-GLUCOSE COTRANSPORTERS (SGLTs) are a family of glucose transporters, and six isoforms have been identified (SGLT1-SGLT6) (5). Of these isoforms, SGLT1 and SGLT2 play a critical role in renal glucose reabsorption; SGLT2 is responsible for the majority of renal glucose reabsorption (nearly 90%), whereas SGLT1 accounts for ϳ10% of the reabsorption (4). Inhibition of SGLTs leads to a significant decrease in blood glucose levels by preventing glucose reabsorption in the kidneys. Therefore, SGLT inhibitors have been proposed as a new treatment for type 2 diabetic (T2D) patients.
SODIUM-GLUCOSE COTRANSPORTERS (SGLTs) are a family of glucose transporters, and six isoforms have been identified (SGLT1-SGLT6) (5) . Of these isoforms, SGLT1 and SGLT2 play a critical role in renal glucose reabsorption; SGLT2 is responsible for the majority of renal glucose reabsorption (nearly 90%), whereas SGLT1 accounts for ϳ10% of the reabsorption (4) . Inhibition of SGLTs leads to a significant decrease in blood glucose levels by preventing glucose reabsorption in the kidneys. Therefore, SGLT inhibitors have been proposed as a new treatment for type 2 diabetic (T2D) patients.
Phlorizin, a nonselective SGLT inhibitor, was the first SGLT inhibitor tested for blood glucose control. Chronic administration of phlorizin decreases the plasma glucose level in diabetic animal models (40, 41) ; however, this drug was not developed further clinically because of several disadvantages (e.g., nonspecific reaction to SGLT1, low bioavailability, and the potential inhibitory effect on glucose transporter 1) (10) . On the other hand, the SGLT2-selective inhibitors dapagliflozin, canagliflozin, and empagliflozin went through clinical trials and were approved for T2D patients in Europe first. Canagliflozin (Invokana) was approved by the United States Federal Drug Administration in March 2013 followed by the approval of dapagliflozin (Farxiga) in January 2014 and empagliflozin (Jardiance) in August 2014. These drugs exhibit a significant effect by reducing blood glucose levels in both diabetic animal models and patients with T2D (17, 21, 30) . However, to the best of our knowledge, there are no reports that have investigated the effect of SGLT inhibitors on vascular reactivity in normal conditions and diabetes.
Micro-and macrovascular complications contribute to mortality and morbidity in patients with diabetes (23, 24) . Coronary artery disease is the seventh leading cause of mortality in diabetes, and it is mainly caused by atherosclerotic plaque formation in the coronary artery. Other potential causes for coronary artery disease include sustained coronary arterial contraction in diabetic patients (26, 35) . Decreased nitric oxide (NO) bioavailability and impaired NO-dependent vascular relaxation are implicated in the development and progression of many cardiovascular diseases. Attenuated coronary arterial relaxation leads to a decrease in the blood supply to the heart and subsequently induces myocardial ischemia. NO donors, such as nitroglycerin, are used clinically for the treatment of angina pectoris as a result of myocardial ischemia or intermittent vasospasm of coronary vessels (27, 39) . Pulmonary arterial dysfunction in T2D patients is not common, but there are several clinical reports that have indicated a link between diabetes and pulmonary hypertension (2, 28, 37) . Attenuated pulmonary arterial relaxation increases pulmonary vascular resistance and induces pulmonary hypertension. Aerosol inhalation of a NO donor or NO gas is an effective treatment for pulmonary hypertension and respiratory distress in both adult and pediatric patients (7, 13, 20) . Some diabetic patients who use a NO donor as a treatment for their heart or lung problems might consider taking SGLT2 inhibitors for glycemic control. Therefore, there is a matter of great urgency to test the vascular response to this new drug. In the present study, we examined the effect of the SGLT inhibitors phlorizin and canagliflozin on the regulation of vascular tone as well as NO-induced vascular relaxation in mouse coronary and pulmonary arteries. The observations from this study will help us understand the mech-anisms by which SGLT inhibitors affect the cardiovascular system and provide important information about the potential beneficial and/or adverse effects of SGLT inhibitors on diabetic patients.
MATERIALS AND METHODS
Biological materials and reagents. Canagliflozin was purchased from Selleck Chemicals (Houston, TX). Human pulmonary artery endothelial cells (PAECs), human pulmonary artery smooth muscle cells (PASMCs), human coronary artery endothelial cells (CAECs), and human coronary artery smooth muscle cells (CASMCs) were obtained from Cell Applications (San Diego, CA). Kidney total RNA was purchased from Life Technologies (Grand Island, NY), and small intestine total RNA was from ZYAGEN (San Diego, CA). All other chemicals were obtained from Sigma-Aldrich (St. Louis, MO) unless otherwise noted.
Animal preparation. All investigations conformed with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. The present study was approved by and conducted in accordance with guidelines established by the Institutional Animal Care and Use Committee of the University of Illinois at Chicago and the University of Arizona. Male C57BL/6 mice were purchased from The Jackson Laboratory (Bar Harbor, ME). T2D mice were generated by a single injection of streptozotocin (STZ; 75 mg/kg ip, dissolved in citrate buffer) at 6 wk of age and given a high-fat diet (60% kcal) from the day of STZ injection (6) . All surgery was performed under anesthesia with a mixture of ketamine (100 mg/kg ip) and xylazine (5 mg/kg ip), and all efforts were made to minimize suffering.
Assay of SGLT mRNA levels. mRNA levels of SGLT subtypes in the small intestine, kidney, PAECs, PASMCs, CAECs, and CASMCs from humans and mice were detected by real-time RT-PCR. Mouse PAECs and CAECs were isolated using CD31-coated magnetic beads, as previously described (6, 11) , and mouse CASMCs were isolated by NG2-coated magnetic beads (25) . Mouse PASMCs were obtained as follows: mouse pulmonary arteries were isolated from the lungs, and the endothelial layer was removed by physical rubbing of the inner layer of the artery with a 40-m wire. mRNA from the cells or tissues was isolated using the miRNeasy Mini Kit (QIAGEN, Chatsworth, CA). The intestine sample was used as a positive control for SGLT1 and SGLT3, and the kidney sample was used for SGLT2, SGLT4, SGLT5, and SGLT6. cDNA was made by reverse transcription of DNase-free RNA templates using SuperScript III First strand Synthesis SuperMix (Life Technologies). Primer sequences are shown in Table 1 . 18S rRNA was used as an endogenous reference gene. Measurements were made in triplicate with a Bio-Rad Real Time PCR System. The efficiency correlated cycle threshold (⌬C T) method was used to determine the level (in arbitrary units) of SGLTs relative to 18S rRNA. Values are shown as ratios to each positive control correspondingly.
Isometric tension measurements in coronary and pulmonary arteries. Isometric tension was measured to evaluate vascular function as previously described (6, 11) . Third-order small coronary arteries or pulmonary arteries were isolated in Krebs-Henseleit solution [containing (in mmol/l) 118.0 NaCl, 25.0 NaHCO 3, 1.2 NaH2PO4, 1.2 MgSO 4, 1.8 CaCl2, 4.7 KCl, and 11.1 glucose and equilibrated with carbogen (95% O 2-5% CO2)]. Arteries were then cleaned of any adherent connective tissues and cut into 1-to 1.2-mm segments (1 arterial ring/mouse was used). Arterial rings were mounted in a dual-chambered myograph (DMT-USA) with 20-m wires and set at a resting tension of 0.1 g. All segments were equilibrated for 45 min with intermittent washes every 15 min. After equilibration, each arterial ring was contracted by treatment with PGF2␣, and SGLT inhibitors were administrated in a dose-dependent manner. For the pretreatment with SGLT inhibitors, the inhibitors were added 20 min before the contraction induced by PGF2␣. The degree of relaxation is shown as a percentage of PGF 2␣-induced contraction. In Figs. 2 and 3, the degree of vasodilatation was normalized by vehicle-induced relaxation.
Electrophysiological measurements. Human PASMCs were used for electrophysiological experiments. Whole cell K ϩ currents were recorded using conventional patch-clamp techniques. Cells were perfused at a rate of 2 ml/min with Ca 2ϩ -free physiological extracellular solution containing (in mmol/l) 141 NaCl, 4.7 KCl, 3 MgCl 2, 10 HEPES, 1 EGTA, and 10 glucose (pH 7.4). The intracellular (pipette) solution was composed of (in mmol/l) 135 KCl, 4 MgCl2, 10 HEPES, 10 EGTA, and 5 Na2ATP (pH 7.2). All experiments were performed at room temperature (22-24°C). Patch pipettes (2-3 M⍀) were used to make high-resistance seals with the cell membrane for whole cell and current-clamp recordings. Series resistance compensation was performed in most of the whole cell experiments. Leak and capacitative currents were subtracted using the P/4 protocol in pCLAMP software. K ϩ currents were elicited by 500-ms step depolarization at potentials ranging between Ϫ60 and ϩ60 mV from a holding potential of Ϫ70 mV. The resting membrane potential was recorded under the whole cell configuration in the current-clamp mode (current ϭ 0).
Chronic canagliflozin administration. Canagliflozin was formulated in 0.5% hydroxypropyl methylcellulose (HPMC) (21) . Twelve weeks after the diabetic induction, canagliflozin (30 mg·10 ml Ϫ1 ·kg body wt Ϫ1 ) or vehicle (0.5% HPMC) was administered to diabetic or control mice, respectively, via oral gavage every day for 4 wk.
Metabolic characterization. At the end of the 4-wk treatment with canagliflozin, total cholesterol, HDL, and triglyceride in plasma were measured with kits from Wako Chemicals USA (Richmond, VA). The plasma insulin level was assessed by a kit from ALPCO Diagnostics Mouse SGLT1 5=-GACATCTCAGTCATCGTCATC-3= 5=-TGTGATTGTATAAAGGGCAGTG-3= Mouse SGLT2 5=-TGGTGTTGGCTTGTGGTCTATG-3= 5=-GGCACAAAAAGCCATCCGAG-3= Mouse SGLT3 5=-TGCTGAAGACGAACCGAAGC-3= 5=-GCAAACGAATGTGATTCAAACGC-3= Mouse SGLT4 5=-CGGAGCTTGTGGCAATGGA-3= 5=-TGCACGGATGGATGACCAAAT-3= Mouse SGLT5 5=-GGCATATGGTCGGCTTGTCG-3= 5=-TGGGTACAAACACCCATGCC-3= Mouse SGLT6 5=-GCATTTCTGTCGCTGCCTATG-3= 5=-ATTCTGGCATCGTGGTTACCT-3= Human SGLT1 5=-GGACTGTGGGCTATGTTTTCCA-3= 5=-AACCACCAAAACCAGGGCAT-3= Human SGLT2 5=-TCCTGCTGACATCCTAGTCATT-3= 5=-GAAGAGCGCATTCCACTCG-3= Human SGLT3 5=-TTTCTGGTGGTGATGGCTGTT-3= 5=-ATGGTCATCACCCCCGACTTG-3= Human SGLT4 5=-CTTCGAGTGGAACGCAACCT-3= 5=-TCCCTGTGGAGAGGTACAGG-3= Human SGLT5 5=-GGGGCTGTCATCCTGACAAT-3= 5=-ATAGACATGAGCACCTGGGAAC-3= Human SGLT6 5=-CATATTTTCCGAGATCCGCTGA-3= 5=-CGCTGGACAATCACCTGATCC-3= 18S rRNA 5=-GTAACCCGTTGAACCCCATT-3= 5=-CCATCCAATCGGTAGTAGCG-3=
SGLT, sodium-glucose cotransporter.
(Salem, NH). An oral glucose tolerance test was performed as previously reported (6) . Statistical analysis. Values are expressed as means Ϯ SE. Statistical comparisons within or between dose-response curves were made by one-way or two-way ANOVA with a Bonferroni correction, respectively. Student's t-test for unpaired samples was carried out to identify significant differences. Differences were considered to be statistically significant at P Ͻ 0.05.
RESULTS
Expression levels of SGLT in mouse and human PASMCs, PAECs, CASMCs, and CAECs. Six SGLT isoforms (SGLT1-SGLT6) have been identified in mammals, and SGLT1 and SGLT2 are the major isoforms responsible for renal glucose reabsorption. We used real-time PCR to examine mRNA expression levels of SGLT subtypes in mouse and human PASMCs, PAECs, CASMCs, and CAECs. Samples from the small intestine and kidney were used as positive controls. SGLT2 and SGLT5 were not detected in PASMCs, PAECs, CASMCs, and CAECs with real-time PCR, whereas SGLT1, SGLT3, SGLT4, and SGLT6 were detected but had much lower expression levels compared with the intestine and kidney (Table 2 ). SGLT1 and SGLT4 were expressed more in PASMCs than in CASMCs, whereas SGLT3 expression levels were less in PASMCs than in CASMCs in mice. In human samples, SGLT1 was detected in PASMCs but not in CASMCs.
Effect of SGLT inhibitors on vascular relaxation in pulmonary and coronary arteries. We first tested whether SGLT inhibitors caused vasodilatation in mouse pulmonary and coronary arteries. As shown in Fig. 1 , A and B, both phlorizin and canagliflozin significantly decreased vascular tone in pulmonary arteries in a dose-dependent manner. In coronary arteries, however, SGLT inhibitors had a small vasodilatory effect, but it was not significant (Fig. 1, C and D) .
Next, we examined whether pretreatment with SGLT inhibitors affected vascular relaxation induced by sodium nitroprusside (SNP; a NO donor). Pretreatment of isolated arterial rings with phlorizin (100 mol/l, 20 min) or canagliflozin (10 mol/l, 20 min) significantly inhibited SNPinduced vascular relaxation in pulmonary arteries compared with control arterial rings that were pretreated with vehicle (0.05% methanol for phlorizin and 0.1% DMSO for canagliflozin; Fig. 2, A and B) . In coronary arteries, however, pretreatment with SGLT inhibitors had no effect on SNPinduced vascular relaxation (Fig. 2, C and D) . NO relaxes vascular smooth muscle cells through the cGMP-PKG cascade and/or by inducing membrane hyperpolarization in smooth muscle cells by activating K ϩ channels (29, 48, 53) . To define the molecular mechanisms by which phlorizin attenuates SNP-induced vascular relaxation in pulmonary arteries, we examined the effect of phlorizin on vascular relaxation induced by the cGMP-PKG cascade, which is a major cascade of NO-induced vascular relaxation. 8-BromocGMP, a membrane-permeable cGMP analog, and papaverine (Pap), an inhibitor of a nonspecific phosphodiesterase that hydrolyzes cGMP, both cause vasodilatation by increasing cGMP concentration in SMCs. 8-Bromo-cGMP and Pap relaxed pulmonary arteries in a dose-dependent manner, whereas pretreatment with phlorizin had no effect on either 8-bromo-cGMP-or Pap-induced vascular relaxation in pulmonary arteries (Fig. 3 ). These data imply that the inhibitory effect of phlorizin on SNP-induced relaxation is independent of the cGMP-PKG cascade.
Effects of SGLT inhibitors on resting membrane potential and SNP-induced membrane hyperpolarization. Since phlorizin did not affect 8-bromo-cGMP-or Pap-induced vascular relaxation (Fig. 3) , we examined another potential mechanism for NO-induced vascular relaxation: smooth muscle cell membrane hyperpolarization. Indeed, phlorizin (100 mol/l) induced a marked membrane hyperpolarization in human PASMCs (Fig. 4A) , and pretreatment of cells with phlorizin significantly attenuated SNP-dependent membrane hyperpolarization (Fig. 4C ). Canagliflozin treatment (10 mol/l) also led to membrane hyperpolarization in human PASMCs (Fig. 4B) , and pretreatment of cells with canagliflozin attenuated SNP-induced membrane hyperpolarization (Fig. 4D ). These data suggest that SGLT inhibitors attenuate SNP-induced relaxation in the pulmonary artery due, at least in part, to inhibition of SNP-induced membrane hyperpolarization in pulmonary smooth muscle cells.
Effects of SGLT inhibitors on SNP-induced K ϩ channel activation. NO-induced hyperpolarization is mainly due to the activation of K ϩ channels (29, 48, 53) . To examine how SGLT inhibitors attenuated SNP-induced hyperpolarization, we tested Averaged data are shown. SI, small intestine; PASMC, pulmonary artery smooth muscle cell; PAEC, pulmonary artery endothelial cell; CASMC, coronary artery smooth muscle cell; CAEC, coronary artery endothelial cell. mRNA expression was confirmed by semiquantitative RT-PCR at least two to three times per individual SGLT subtype. mRNA expression levels were normalized by the level in kidney samples except SGLT1 and SGLT3. SGLT1 and SGLT3 expression levels were normalized using the level of SI samples. ND, not determined. the effect of SGLT inhibitors on SNP-induced K ϩ channel activation. Figure 4 , E-H, showed that SNP activates K ϩ channels and that both phlorizin and canagliflozin significantly attenuated SNP-induced K ϩ channel activation. Effect of chronic treatment of canagliflozin on SNP-induced relaxation in pulmonary and coronary arteries. Our T2D mice induced by a high-fat diet and a low dose of STZ injection exhibit impaired glucose tolerance and hyperlipidemia ( Fig.  5 and Table 3 ). This model is a well-established T2D mouse model and is very close to human T2D induced by a Western diet (6) . We measured and compared SGLT mRNA levels in PASMCs and CASMCs isolated from control and T2D mice (Table 4 ). In PASMCs, there was no difference in mRNAs of SGLT 1, SGLT4, and SGLT6 between control and T2D samples. However, in CASMCs, SGLT6 mRNA expression was significantly decreased in T2D compared with control samples.
Canagliflozin and HPMC (vehicle) administration in mice was started at 12 wk after diabetic induction and continued for 4 wk. Chronic canagliflozin treatment significantly improved glucose tolerance in T2D mice (Fig. 5A ). Our T2D mice exhibited hyperinsulinemia (6) , and chronic canagliflozin treatment further increased the plasma insulin level in these mice (Fig. 5B) . Chronic canagliflozin treatment also showed a beneficial effect on lipid concentrations; total cholesterol and LDL were significantly decreased, whereas plasma triglyceride was slightly increased by canagliflozin treatment in T2D mice (Table 3) .
Pulmonary arteries from diabetic mice exhibited a slight but statistically significant decrease in SNP-induced relaxation compared with pulmonary arteries from control mice. Chronic canagliflozin treatment, however, did not improve SNP-induced vasodilatation in diabetic pulmonary arteries (Fig. 5C) . In coronary arteries, there was no difference in SNP-induced vasodilation between control and diabetic mice (Fig. 5D) , and this result was consistent with our previous data (6, 11) . Contrary to the ex vivo data in the coronary artery (Fig. 2) , chronic canagliflozin treatment significantly augmented SNP-induced coronary vasodilation in diabetic mice (Fig. 5D ). There was no difference in Pap-induced vascular relaxation among control, T2D, and canagliflozin-treated T2D mice in coronary and pulmonary arteries (Fig. 5, E and F) . 
DISCUSSION
T2D is a chronic disease characterized by a resistance to the actions of insulin and impaired insulin secretion, which results in hyperglycemia. The treatment for T2D patients is primarily focused on enhancing insulin secretion and/or improving insulin sensitivity. Despite the many treatments available for diabetic patients on the market, the mortality of diabetic patients is still increasing every year. Therefore, it is necessary to develop new therapeutic approaches for diabetic patients. SGLT2 inhibitors are one of the targets as a new class of oral drugs for T2D patients that have shown a significant effect on reducing blood glucose levels in animal models and patients with T2D (17, 21, 30) . Cardiovascular complications are commonly seen in diabetic patients and are the risk factor associated with their mortality. However, there are limited studies that have examined the beneficial or adverse effects of SGLT inhibitors on the cardiovascular system. Several clinical reports have indicated that canagliflozin treatment decreases blood pressure in diabetic patients (3, 31, 42) , but it is still not clear whether the reduction of blood pressure is because of secondary effects of glycemic control by canagliflozin or a direct effect of canagliflozin on the vascular system. Recently, Kashiwagi et al. (18) demonstrated that preconditioning with phlorizin aggravated ischemia-reperfusion injury in mouse hearts. This adverse effect of phlorizin was due to, at least in part, decreased glucose uptake and the subsequent reduction of ATP synthesis in cardiac myocytes rather than affecting the coronary circulatory system (i.e., the coronary flow rate was not altered by phlorizin infusion). The present study is the first to investigate the effect of SGLT inhibitors on vascular relaxation in mouse pulmonary and coronary arteries.
SGLT1 is a low-capacity, high-affinity transporter that is found essentially on the apical membranes of small intestinal absorptive cells and renal proximal straight tubules. The principle role of SGLT1 is dietary glucose absorption in the small intestine (50) . SGLT2 is a high-capacity, low-affinity transporter that is mainly expressed in the early convoluted segment of renal proximal tubules and functions as a major renal glucose transporter (4, 5) . Several investigations have demonstrated that SGLT1 and/or STLT2 are also expressed in other organs and tissues, including the heart (5, 49, 54), lungs (36, 54) , and pulmonary and coronary arterial endothelial cells (45). Taubert et al. (45) showed that the glucose-induced increase in cytosolic Ca 2ϩ concentration is enhanced, whereas NO production in endothelial cells is significantly inhibited, by pretreatment of cells with phlorizin (100 mol/l), implying that SGLT1/SGLT2 may play a potential role in regulating the vascular tone. Figures 1 and 2 from the present study show that phlorizin and canagliflozin exerted a vasodilatory effect on the pulmonary artery (Fig. 1, A and B) and had a significant inhibitory effect on vascular relaxation induced by SNP (Fig. 2,  A and B) . Since phlorizin pretreatment had little effect on either 8-bromo-cGMP-induced or Pap-induced pulmonary vasodilation (Fig. 3) , phlorizin might not directly regulate the cGMP-PKG cascade in the pulmonary artery. Indeed, our pilot studies showed that the cGMP concentration after SNP treatment was not altered by phlorizin pretreatment in human PASMCs (vehicle: 0.73 Ϯ 0.03 pmol/l and phlorizin: 0.75 Ϯ 0.03 pmol/l, n ϭ 9 in each group).
Two reports have shown that phlorizin exhibited a nonspecific effect on sarco(endo)plasmic reticulum Ca 2ϩ -ATPase at a concentration above 50 mol/l (32, 33) . To elucidate the effect of SGLT inhibitors on SNP-induced relaxation at a concentration lower than 50 mol/l, we tested concentrations of 1 and 10 mol/l for phlorizin and 100 nmol/l for canagliflozin (data not shown). Even at a concentration that is 100 times lower than that used in Fig. 2 , SNP-induced vascular relaxation was significantly inhibited by these inhibitors in pulmonary arteries, suggesting that the inhibitory effect of SGLT is independent of sarco(endo)plasmic reticulum Ca 2ϩ -ATPase activation (which required higher dosage).
It is well established that high glucose treatment leads to membrane depolarization in different cell types and that SGLT inhibitors attenuate glucose-induced membrane depolarization (9, 14) . Nevertheless, the direct effect of SGLT inhibitors on membrane potential has not been explored in arterial smooth muscle cells. Figure 4 shows that both phlorizin and canagliflozin induced membrane hyperpolarization in human PASMCs, implying that SGLT inhibitors might relax pulmonary arteries by inducing smooth muscle cell membrane hyperpolarization. The resting membrane potential in smooth muscle cells is mainly determined by the activity of Na ϩ -K ϩ -ATPase and K ϩ channels in the plasma membrane. Activation of K ϩ channels (by NO or other endothelium-derived hyperpolarizing factors) induces membrane hyperpolarization by driving the resting membrane potential close to the K ϩ equilibrium potential (approximately Ϫ85 mV given that extracellular and intracellular K ϩ concentrations are about 5 and 140 mmol/l, respectively). Accordingly, when a cell is hyperpolar- ized (by NO or SNP) due to activation of K ϩ channels or an increase in K ϩ currents, the extracellular application of another hyperpolarizing factor would likely be unable to cause further membrane hyperpolarization by opening K ϩ channels. That is, when cells are treated with two hyperpolarizing factors that cause membrane hyperpolarization by opening K ϩ channels, the hyperpolarizing effect of one factor would be inhibited by the other. In other words, in the presence of one of the hyperpolarizing factors, the hyperpolarizing effect of the other hyperpolarizing factor should be significantly inhibited or decreased. The results from this study show that 1) SNP (by donating NO) and SGLT inhibitors both cause membrane hyperpolarization in human PASMCs and 2) SNP-mediated membrane hyperpolarization is significantly inhibited in human PASMCs pretreated with SGLT inhibitors (Fig. 4, A-D) . Furthermore, we demonstrated that SNP-induced K ϩ activation was significantly attenuated by pretreatment with SGLT inhibitors (Fig. 4, E-H) . Given the fact that SNP or NO causes membrane hyperpolarization by, at least partially, activating K ϩ channels (29, 48, 53) , our data imply that the SGLT inhibitor-mediated membrane hyperpolarization in human PASMCs is likely due to activation of K ϩ channels, a similar mechanism by which SNP/NO causes membrane hyperpolarization.
In addition to functional experiments, we also examined the expression levels of SGLT subtypes in PASMCs, PAECs, CASMCs, and CAECs. We initially anticipated that PASMCs may express more SGLT2 than CASMCs based on functional experiments showing that pretreatment with SGLT inhibitors attenuated pulmonary vasodilation but not coronary vasodilation. Contrary to our expectations, the real-time PCR data shown in Table 2 indicate that SGLT2 was not expressed in PASMCs and CASMCs. These results suggest that 1) SGLT inhibitors affect smooth muscle cell functions (e.g., causing membrane hyperpolarization by activating K ϩ channels and vasodilation) through mechanisms independent of the classical transporter-mediated cascade (i.e., Na ϩ -dependent glucose transportation) or have a nonspecific effect and/or 2) phlorizin and canagliflozin cause membrane hyperpolarization in PASMCs and vasodilation through the classical transportermediated cascade via other isoforms of the SGLT family (e.g., SGLT3-SGLT6).
The localization of SGLT3 varies depending on the species and tissue/cell types; SGLT3 is expressed in skeletal muscle in human, the small intestine in human and pig, and the kidney in pig and mouse (9, 43) . Interestingly, SGLT3 does not function as a glucose transporter but as a glucose sensor (9, 19) . SGLT4 is predominantly expressed in the kidney and small intestine and functions to transport glucose and 1,5-anhydro-D-glucitol (46) . SGLT4 mainly transports 1,5-anhydro-D-glucitol under healthy conditions, whereas in the diabetic state, it transports excess amounts of glucose that cannot be reabsorbed by SGLT2 and SGLT1 (46, 51, 52) . Human kidney also express SGLT5, which is characterized as a mannose and fructose transporter (15) . SGLT6 has been cloned, but its structural and functional characterizations have not been fully explored. SGLT3 and SGLT6 have been found to be expressed in the kidney and small intestine, but very low expression levels were A: for the oral glucose tolerance test, mice were fasted for 6 h before the experiment [control ϩ 0.5% hydroxypropyl methylcellulose (HPMC): n ϭ 5 mice; type 2 diabetes (T2D) ϩ HPMC: n ϭ 7 mice, and T2D ϩ canagliflozin: n ϭ 7 mice]. Data are means Ϯ SE. *P Ͻ 0.05 vs. control ϩ HPMC; #P Ͻ 0.05 vs. T2D ϩ HPMC. B: plasma samples were collected for the measurement of plasma insulin concentration without fasting the mice. Data are means Ϯ SE; n ϭ 7 mice/group. *P Ͻ 0.05 vs. control ϩ HPMC. C: dose-response curves of SNP-induced relaxation in pulmonary arteries dissected from control or diabetic mice treated with HPMC or canagliflozin (control ϩ HPMC: n ϭ 6 mice, T2D ϩ HPMC: n ϭ 6 mice, and T2D ϩ canagliflozin: n ϭ 5 mice). Data are means Ϯ SE. *P Ͻ 0.05 vs. control ϩ HPMC; #P Ͻ 0.05 vs. T2D ϩ HPMC. D: dose-response curves of SNP-induced relaxation in coronary arteries dissected from control or diabetic mice treated with HPMC or canagliflozin (control ϩ HPMC: n ϭ 3 mice, T2D ϩ HPMC: n ϭ 3 mice, and T2D ϩ canagliflozin: n ϭ 5 mice). Data are means Ϯ SE. *P Ͻ 0.05 vs. control ϩ HPMC; #P Ͻ 0.05 vs. T2D ϩ HPMC. E: dose-response curves of Pap-induced relaxation in pulmonary arteries dissected from control or diabetic mice treated with HPMC or canagliflozin (control ϩ HPMC: n ϭ 6 mice, and T2D ϩ HPMC: n ϭ 6 mice, and T2D ϩ canagliflozin: n ϭ 5 mice). Data are means Ϯ SE. F: dose-response curves of Pap-induced relaxation in coronary arteries dissected from control or diabetic mice treated with HPMC or canagliflozin (control ϩ HPMC: n ϭ 3 mice, T2D ϩ HPMC: n ϭ 3 mice, and T2D ϩ canagliflozin: n ϭ 5 mice). Data are means Ϯ SE.
detected in vascular cells in mouse and human samples ( Table  2) . SGLT5 was predominantly expressed in the kidney but not in other tissues. Interestingly, SGLT4 was expressed in PASMCs but not in CASMCs in mouse samples, whereas SGLT4 was not detected in either PASMCs or CASMCs in human samples. These data make it difficult for us to reach a conclusion, and, at this stage, we do not know why acute treatment of SGLT inhibitors exhibited a significant effect in PASMCs but not in CASMCs. More importantly, the specificity of SGLT inhibitors to any of SGLT3-SGLT6 is not fully understood; we need to conduct further experiments to define the role of these isoforms in vascular function. Chronic treatment with SGLT2 inhibitors significantly decreases fasting blood glucose and HbA 1c levels and improves glucose tolerance in experimental diabetic animal models: high-fat diet-induced obese mice [canagliflozin (30 mg/kg), 4 wk] (21), ob/ob mice [dapagliflozin (1 mg/day), 4 wk] (44), and Zucker diabetic fatty rats (16, 21, 22) . In the present study, we decided to use a high dose (30 mg/kg) of canagliflozin for our in vivo experiments in mice; this was the highest concentration of canagliflozin we could find in the literature (including the dosage used in acute treatment). The data shown in Fig.  5A demonstrate that canagliflozin treatment significantly improved glucose tolerance in diabetic mice. The renal SGLT2 expression level has been demonstrated to be increased in Akita mice (genetically modified type 1 diabetic mice) and db/db (genetically modified T2D) mice (47) and alloxaninduced type 1 diabetic rats (12) . SGLT2 protein or mRNA expression levels are usually increased in proximal tubular cells isolated from diabetic patients compared with cells isolated from control subjects (8, 38) . In ex vivo experiments, high glucose treatment increased SGLT2 protein expression in kidney cells (1) . Based on these data, we hypothesized that SGLT2 inhibitors work more effectively under diabetic conditions in the kidneys because of higher expression levels of SGLT2 in diabetes than under control conditions. In addition, other SGLT isoforms in control mice might be balancing out the reabsorption of glucose in the kidney.
Our study showed that chronic treatment with canagliflozin significantly increased plasma insulin levels in diabetic mice (Fig. 5B) , which is consistent with other investigators' data (21), although there is a report (22) showing that chronic dapagliflozin treatment decreased the plasma insulin level. It has been reported that canagliflozin improves insulin sensitivity by decreasing the demand of insulin secretion (34), implying that the SGLT2 inhibitor could decrease plasma insulin levels. The increase in the plasma insulin levels seen in our diabetic mice may require additional experiments to define the cause or underlying mechanisms. One of the demonstrated adverse effects of canagliflozin treatment is the increase in LDL concentration in diabetic patients (17) . However, in our diabetic mice, we observed a decrease in LDL levels after canagliflozin treatment. It is possible that metabolic status differences between mice and humans are the reason for the canagliflozin-mediated increase in LDL only in diabetic patients (but not in diabetic mice).
One of the important questions was whether chronic canagliflozin treatment would 1) inhibit SNP-induced vascular relaxation in pulmonary arteries (as observed in our ex vivo experiments by pretreatment with SGLT inhibitors) or 2) improve SNP-induced relaxation in diabetic mice (that was attenuated 16 wk after diabetic induction) by decreasing plasma glucose levels. Our data indicate that chronic canagliflozin treatment did not inhibit SNP-induced relaxation in diabetic pulmonary arteries (Fig. 5C ) but significantly enhanced the vascular sensitivity to SNP in diabetic coronary arteries (Fig. 5D) . On the other hand, Pap-induced vascular relaxation was not affected by chronic canagliflozin treatment in T2D mice in either coronary or pulmonary arteries (Fig. 5 , E and F), implying that the enhancement of SNP-induced relaxation by canagliflozin seen in coronary arteries is not mediated by an alteration of the cGMP-PKG signaling cascade. Our mRNA measurement data indicate that CASMCs in T2D mice significantly decreased SGLT6 mRNA expression compared with the control, but other subtypes were not changed (Table 4) . Since the answer to the fundamental question of "what is the role of SGLT6" is not known, it would be necessary to investigate the signaling cascade and physiological role of SGLT6 in CASMCs together with the pathophysiological role of SGLT6 in T2D mice.
There might be several possibilities that lead to the different results of SNP-induced relaxation between ex vivo canagliflozin pretreatment in isolated arterial rings and in vivo chronic canagliflozin treatment in intact animals: 1) the concentration of SGLT inhibitors we used in the ex vivo experiment was higher than the actual concentration of the drug in the plasma after 4-wk chronic administration, 2) the adverse effect of SGLT inhibitors on vascular function was gradually desensitized or minimized during the 4 wk of drug administration, and 3) the inhibitory effect on NO-dependent relaxation by SGLT inhibitors in pulmonary arteries was masked by other beneficial effects of SGLT inhibitors after a 4-wk treatment in vivo (e.g., improvement of hemodynamic abnormalities in T2D mice).
In summary, the results from this study indicate that acute treatment with SGLT inhibitors exerts an adverse effect on pulmonary arterial function ex vivo (i.e., inhibits pulmonary vasodilation), whereas chronic treatment with SGLT inhibitors in vivo has a beneficial effect on coronary arteries (i.e., enhances coronary vasodilation) in T2D mice. When the SGLT2 inhibitor is used together with NO or a NO donor (e.g., SNP) in diabetic patients, it is important to time the individual treatment appropriately and use the right concentration to avoid undesired interactions of the two drugs.
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